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Quantum mechanical and semiclassical approaches are discussed for the study of molecular
collisions in an intense laser field. Both a coherent state and Fock state representation of the photon
field are investigated. The collision dynamics is described in terms of transitions between two
electronic-field potential energy surfaces, where each surface depends on the field-free adiabatic
surfaces and electric dipole transition matrix elements as functions of nuclear coordinates. The
electronic-field surfaces exhibit avoided crossings (on the real axis) due to the radiative coupling at
the resonance nuclear configurations, and other_parts of these surfaces are similar to the field-free
adiabatic surfaces with one of them shifted bycgfv for single photon processes. Metastable states,
formed at some collision energies, are conjectured to occur in the field, although absent from the field-
free case. From a spectroscopic point of view, changes in energy spectra are expected from those
of the individual collision-free species. . Numerical-results are presenteq, for the collinear collision

process Br@P;;,) + Hi(v = 0) + Aoy > Bl’ﬁp”z + Hj(v = 0).

1. INTRODUCTION /\\

There are recent experimental studies on the enhancement of electronically in-
elastic collision cross sections due to intense optical radiation'? and on photon
absorption spectra due to the intermediate resonant molecular states of collision
processes.® There has aiso been recent theoretical effort*~** to describe the combined
effects of collisional and optical excitations. Some main reasons for the continuation
of such effort and the development of new theories to describe the interaction of
molecular systems with radiation are the following: (@) a molecular system in the
gaseous phase interacting with a radiation field is often better characterized as
dynamic rather than static. For example, in ordinary molecular beams a typical
collision takes place in about 10" s, i.e., about the cycle of an infrared laser, in which
case a collision and a photon absorption should not be viewed as separate processes,
particularly when absorption takes place in an intense laser field; () for intense field
strengths and/or multiphoton processes, time-dependent perturbation theory is not
valid; (c) the effect of the interaction with a quantized field as well as a classical field
should be investigated for molecular systems.

In this paper we are interested in atom-atom and atom-diatom collision processes
in the presence of an intense laser field. In order to maintain a clear and simple
physical picture, we shall focus on single photon processes for a two-(electronic)
state molecular system in a single mode laser, although our formal presentation can
be extended readily to more general cases.'®'® A related, interesting work is that of

* Research supported by the Air Force Oftice of Scientific Research and the National Science
Foundation.
+ Camille and Henry Dreyfus Teacher-Scholar, Alfred P. Sloan Research Fellow.
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Kroll and Watson’ which deals with single- and multi-photon processes for a two-
level collision system in a single field mode, using a number representation for photon
states. This theory has been extended by Lau'? to a multi-level system interacting
with single and multi-field modes. While these treatments are indeed interesting,
they are perhaps a bit too complicated to give a simple physical picture. On the
other hand, their assumption about near-adiabatic scattering is somewhat restrictive
for a realistic treatment of atom-diatom collisions.

Within a two-(electronic) state approximation, a semiclassical mode of mole-
cular scattering in a strong external field has been developed recently in our labora-
tory, and from this model atom-atom and atom-diatom collision cross sections can
be calculated. An analogous quantum mechanical theory' has also been derived,
and in the next section of this paper we shall outline some of the key results of this
theory, where we shall first use a coherent state and then the Fock state as representa-
tions of the photon field. We shall also discuss the main feature of the semiclassical
model. In the third section we shall present some numerical results from both the
semiclassical and quantum mechanical theories for the process

Br(2P3/2) + Hz(v = 0) -+ hew — Br(lpuz) + H;(l' = 0). (l])

The description of a process such as (1.1) involves the construciion of electron-field
potential energy surfaces,!” which depend on the original field-free adiabatic surfaces
and electric dipole (or sometimes magnetic dipole and electric quadrupole) transition
matrix elements between electronic states as a function of nuclear configurations. It
will become evident from our presentation in the next two sections that there is a need
for ab initio and/or semiempirical studies of radiative transition matrix elements as
a function of nuclear configurations as well as studies of field-free surfaces and non-
adiabatic coupling.

114.15

2. THEORY OF MOLECULAR SCATTERING IN A QUANTIZED
FIELD

The time-dependent Schrodinger equation for a molecular collision process in an
electromagnetic field is
ih?—(t‘l’(x,q,t) — A (x,q,)¥(x.9,0), @.1)

where the total Hamiltonian is
H(x,q.1) = Ty + He(x,9) + Hpag + Hindx,9.0), (2.2)
and x and ¢ stand for electronic and nuclear coordinates, respectively. The ficld-
free electronic Hamiltonian is given as
He(x,q) = Ty + V(x,q). 2.3

T, and T, are the nuclear and electronic kinetic energy operators, respectively, and
V is the electrostatic interaction among electrons and nuclei.  H,,4 is the Hamiltonian
for the free radiation field of a single cavity mode with frequency ),

H..y — hod'a, (2.4)

where d and d' are the photon annihilation and creation operators. H,, is the
Hamiltonian for the interaction between the radiation field and the molecular system.

Hlnl(x~qvl) z CJQ) ki E}w (2"
J

E, = iE'[de"k0i=0t=h — fle-hQ,~ut=p), 2.6)
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where @, represents the collective electronic and nuclear coordinates, e, is the particle
charge, E’, is related to the strength and polarization of the field, k is the wave vector
of magnitude w/c and the summation is over all particles. The phase £ is arbitrary
and may be chosen at our convenience. If the wavelength of the field is much
longer than the molecular dimension, we can invoke the dipole approximation,
namely, to keep only the first term of the power series expansion of exp (ik-@,), so
that H,;,, becomes

Ho(x.q.0) = p(x,q) E(1) (2.7
where
E(,) — iE;[de‘”‘““'”’ i.x (i'e”’””ﬂ’], (28)
and the transition dipole operator x is defined as
n=72eQ, 2.9

The interaction given by eqn (2.7) is of a simpler form than eqn (2.5): however, for
molecular systems where the electric dipole transition is very small, higher order
transitions such as the orbital part of the magnetic dipole [to get the spin part
extra terms related to spin should be added to eqn (2.5)] or electric quadrupole can
be considered by including higher terms in the expansion of exp (ik- Q).

The coherent state is often a good representation for a laser field, and since it
results in simple expressions for our problem, we shall first consider it for the photon
state. The expectation values of H,,4 and H;,, in the coherent state x are

{a|H pale) = «*ho, (2.10)
AV e Enz e;Q;cos(k-Q; — wt), (2.11)
J

where E, — 22E, and we have chosen real = and /2. With the dipole approxi-
mation eqn (2.11) becomes
a|Hiq%y = pEgcos(wt). (2.12)
We can also set (x| H,,q|~> equal to zero since it is a constant and simply provides an
overall energy shift.
To solve eqn (2.1) we expand ¥ in terms of the complete set of real field-free
adiabatic electronic wave functions ¢,(x.q) as

—ilE4=2)holt/h
W(x.g.t) S alge i ' 0(x.q). (2.13)
/

where ¢, satisfies
H. (x.9)o(x.q) — W (g (x.q) (2.14)

with W, defining a ficld-free adiabatic potential surface and L the total collision
energy (without the ficld).

By substituting eqn (2.13) into (2.1). multiplying by ¢, and integrating over x,
we obtain

[E -+ (U — Dhew)ae "= 0on Ec =D (TIn + Tedj 2:‘PA)JIIPA]al(q)
{ A
Wi@al(q)d, -+ turEfe" + e '“Yag)h. (2.15)

where
(T = <9,iTelon (2.16)

Ml 2cnam e L a s ) g
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T,= —g P} (2.17)

Px == —ith/‘\/z'_"k (2-18)

(P, = <o) Pilor (2.19)

B = Lo luloo. (2.20)

For atom-atom systems m, is the reduced mass and the sum over k is restricted to a
single term; for atom-diatom systems the sum is over two terms, one corresponding
to the diatom internuclear vector and the other to the vector pointing from the centre
of mass of the diatom to the atom. Invoking a two-(electron)state approximation
we can reduce eqn (2.15) to

[Te + (To);; + Wi(@) + (2 — j)her — Elaf(q) = — e "“"[(T)y + 2% (P Pilalq)
— durEy (1 4 e #“ay(q); jl = 1,2and I #j (2.21)

where y,; has been set to zero for simplicity (this rigorously vanishes in homonuclear
atom-atom systems and contributes weakly to electronic transitions in other systems).
Making the rotating wave (or resonance) approximation, we drop highly oscillatory
terms to obtain in matrix form

(H+ Y)a= Ea 2.22)
where
ere (T' o s - A ?— (n),z) 2.23)
g (Z:(Z’Z/j o %(53'/2)’ 2.24)
i <Z:) (2.25)

Since we are concerned with very large field strengths, the *“ Rabi precession fre-
quency ” |uy,| |Eol/h at fixed nuclear configurations can be very large. Therefore
the adiabatic surfaces W, and W, are so strongly coupled through the radiative inter-
action that the scattering process is most appropriately solved in terms of electronic-
field surfaces, which are found through a unitary transformation on Y:'

e 1 (F'HF + E)f — Ef (2.26)
where : ‘/
PoC
o 0 (E O
, E=FYF = (0 Ez) 2.27)
UsS
et - f=Fa (2.28)
1 ([A+S] mokEo )
Y F=— 2.29
DISTRIBU GfRvki Sy E0ES ZR( —#rE [A + 5] e
[Dist, ool oil /ot 5P A= Wiq) — Wi(g) — ho (2.30)
A \ S = (O + |y B 231)
‘l R = [S(S + A)2]". (2.32)
\ |
s
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The electronic-field surfaces E, and E, are given as
)
E;=3(W, + W, + ho) + (—2—)-[( Wy — Wy — ho) + (urE(ua EQI?. (2.33)

Eqn (2.26) is then integrated numerically, where the scattering amplitude (S-matrix)
is obtained through appropriate boundary conditions on f. [In practice it may be
more efficient to integrate an equivalent equation such as eqn (2.22), in analogy to
field-free cases where a diabatic representation is more efficient than the adiabatic
representation.]'®!*

Through a path integral approach!*!* or simply by inspection we can derive a
semi-classical approximation to the S-matrix which is the direct semiclassical analogue
to eqn (2.26). The semiclassical S-matrix element for the transition from initial
state i of reactants to final state f of products is

S“ = EN” elA“m (2.34)
where A, is calculated in terms of a classical action as
le t

e = Bt — 1) / &[T — E] + j YT — Ey). (2.35)
n le

ty &> —@©, 1, > ©.

N,, is a normalization factor like that used for field-free collisions,?*-2 T is the classical
nuclear kinetic energy and ¢, is a time at which the electronic-field surfaces intersect
in the complex plane. The summation in eqn (2.34) is over all classical paths which
propagate from i to f, switching surfaces at t, (there can, of course, be more than
one t,).

A close look at eqn (2.22) or (2.26) reveals that field-free nonadiabatic coupling
terms, i.e., (Tg);1 + 2X(P.) ;- Pi, are absent, so that our results are most appropriate

k

for processes which are electronically adiabatic in the absence of the field. Further-
more, our results are restricted to single photon processes due to the use of the rotating
wave approximation. Within the context of our discussion so far, a portion of the
field-free nonadiabatic coupling can be readily included by means of a vibronic
representation which is discussed in the next section. As a more rigorous alternative,
we may wish to begin at an earlier stage of the theory to retain the field-free non-
adiabatic coupling and to further allow for multiphoton transitions. For this
purpose we shall consider the Fock representation of the photon states. Expanding
the total wave function in terms of products of Fock states and field-free adiabatic
electronic states as

W(x.g,t) = 2 3 Cil@e™ " Mopin, (2.36)
I n

substituting into eqn (2.1), representing the field as in eqn (2.6) with f again chosen
to be 7/2, and multiplying by {m| and <¢,| we obtain
[E"— Wiq) — mho)]Cim(q) = ;[(T,)” + 0T 2“2 (Pk)jl'Pk]Clm(q)

s ;{IIJI‘E'O[\W emucumn)(q)

+ Vm e''Cm- (@) (2.37)

Defining B,,, through the equation
Clm — Blm elmwt
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we can rewrite eqn (2.37) as
[E" — Wiq) — mhw]B;n(q) = 21: (T)y + 01Ty + 22 (Py) " Pi]Bin(q)

i Z' {1 E'o[Vm /m + 1 Bimin(q) -+ A'm By 1y(@)]}-
(2.38)

While in principle we can solve eqn (2.38) directly, in practice we can make it more
tractable by introducing a two-state approximation whereby the coupling between
the levels (1,m, + 1) and (2,m,) is significantly larger than either of the two with a
third level [in the level notation (2,m,), 2 represents the upper electronic state and
my is the photon number, etc.]  With this approximation we again restrict ourselves
to single photon processes. Setting E —= E’' — mohw and g, = 0, we then have the
following two coupled differential equations which contain field-free nonadiabatic
coupling:

[Hy + Wilq) - her — E]Byn,41)(q) = (T2 -+ 2[\2 (Pi) 12 Pi)Bam, +1)(9)

C oty EN (N g -+ 2 Bagmy s 2(q) - Vg — 1 By (g)]  (2.39a)
[Hy + Wi(q) — E]Bim(q) = (T2 22 (P2 Pi]1By0 (q)

+ e Eg[Vmg my -+ 1 Bimo+1y(q) + A mo Bim,-1y(g)], (2.39h)

where H;; is a matrix element of H from eqn (2.23).

Eqn (2.38) and (2.39) are infinite matrix equations and can be solved by iterative
methods.”'* However, since we are first interested in single-photon processes. we
may simplify these equations by limiting the photon indices to just two values, say
my and my + 1, so that By, .», ~ Bym, 1, - 0. For an intense field where m0 l\
much greater than one. we may assume By, — Bium,+1n and Byme+1, — Bam,-
which case

(H -+ U)B-—=EB (2.40)
where

.. (Hy Hys

H <l,1| Hz;) (24])

o L ”l =5 [,(,' y Eo _> i

; </1:I'E;,' 2 W, (2.42)

Bl(m..An . z

B < l}.‘,m., ) (-‘4- )

E; = 2vm,E, (2.44)

His= (T + 2XPYePi 1+ ] (2.45)
n

Eqn (2.22) and (2.40) arc similar except that eqn (2.40) has retained the field-free
nonadiabatic coupling terms F,, and H,. [Eqn (2.40) is still restricted to single-
photon processes, and if we are interested in multi-photon (and multi-surface) pro-
cesses. we must resort to eqn (2.38).] Having thus coupled the surfaces W, and W,
by combined nonadiabatic and radiative interaction terms, we have introduced a
resonance approximation in which either kind of coupling can generate transitions
between the electronic-field configurations. This point must be kept in mind when
interpreting numerical results from eqn (2.40).
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3. CALCULATIONS

Sample calculations have been carried out for reaction (1.1) restricted to collinear
collisions. The (field-free) electronic degrees of freedom were represented in terms
of a 2 > 2 diatomics-in-molecules matrix as used previously.? For this model the
interaction of the field with the molecular system was determined from the asymptotic
collision species alone, wherein the magnetic dipole term for bromine dominates.
Hence, the magnetic component of the laser field appears for E, in the previous
section. A calculated value of 1.153 atomic units has been reported for the magnetic
dipole transition (*Ps;, — 2P,;;) matrix element for a halogen atom,?*!¢ and this
value was used for p, (and u,,) appearing in the previous section. A field strength
of 5.1  10° V cm™! was chosen which corresponds to 10~ atomic units. Since
the Br + H, system displays a resonance behaviour between electronic and vibra-
tional degrees of freedom (in the absence of a field), it was necessary to retain
(field-free) vibrational nonadiabatic coupling terms, i.e., (T,);; -+ 2(P)*P where
P — —ihy,/\/2m, with p as the vibrational coordinate. This was done in the
quantum calculations using eqn (2.22) — (2.25), where vibronic curves as a function
of just the translational coordinate were inserted for W, and W, These curves
were obtained by diagonalizing the electronic Hamiltonian plus the vibrational part
of the nuclear Kinetic energy operator within a two-(vibronic)state basis as described
in ref. (26). The lower curve correlates to Br(*P;,;) -+ H,(v = 0) while the upper cor-
relates to Br(®P,;,) + Hy(v — 0). The two curves are shown schematically as W)
and W, in fig. 1(a).

i (6]

FiG. 1.—(a) Schematic drawing of the two field-free vibronic curves W, and W; as a function of the
translational coordinate r. W, correlates to Br(*P..,) + H,( 0) and W', correlates to Br(*Py, ;) <+
Hy(e — 0). r, — 2.5 Ais the point at which the field is in resonance with the two curves.
(h) Schematic drawing of the two electronic-field curves £, and £,. Each is a function of W,,
W, and the magnetic dipole-field interaction, where this interaction equals the splitting between
them at the avoided crossing (r,).

Solving eqn (2.22) numerically, we obtained the transition probability for reaction
(1.1) as a function of the total energy measured relative to the reaction threshold.
Results are shown by the solid curve in fig. 2 for the case where A is 1.001 times the
asymptotic spin-orbit splitting in bromine. This value of /iy matches the energy
difference between the vibronic curves when bromine is 2.5 A from the centre of H,.
The dotted curve is taken from the field-free-coupled-channel calculations of ref. (24).
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Clearly there is an enhanced probability for the process Br(*P;,) + H,(v = 0) —
Br(*P,;;) + H,(v = 0).

Semiclassical calculations were carried out using eqn (2.34) and (2.35), where the
two vibronic curves were used for W, and W, appearing in the expression given by
eqn (2.33) resulting in vibronic-field curves E, and E,, which are displayed schematic-
allyin fig. 1(). Analytically continuing these vibronic-field curves to the intersection
point in the complex translational coordinate plane, we integrated classical trajec-
tories which switched curves smoothly at this point. The results are shown by the
dashed line in fig. 2. In computing these results we used a form for the normalization

0.15f

< 0101

0.05f

0.05 0.10 015

£/eV
F1G. 2. —Probabilities for the collinear reaction Br(*P;,;) + Hy(v = 0) + hw = BrCPy,) -+ H;
(v = 0) as a function of total energy, measured relative to the reaction threshold. The value of
ho is 1.001 times the asymptotic spin-orbit splitting.  Shown are the results from the quantum
calculations using the two-(vibronic)state model (solid line), quantum coupled-channel results with
the field turned off (dotted line) and results from semiclassical calculations using the two-(vibronic)-
state model (dashed line). The probabilities for the field-free transition (dotted line) have been
multiplied by 100.

factor Ny, which is analogous to that discussed by Nikitin**~*% for a purely exponential
potential splitting of two diabatic curves (in the field-free case), which is similar to
our problem.

There are several obvious shortcomings of the above calculations presented for
reaction (1.1), two of which are the restriction to collinear collisions and the neglect
of electric dipole transition matrix elements (which can be important when bromine
is close to H,). Inclusion of these elements would generate effects similar to those
illustrated in fig. 2 for a field strength considerably smaller than 5.1 « 10° V.ecm™'.
Such shortcomings will be dealt with in future calculations.

4. DISCUSSION

Without carrying out extensive calculations, we can gain insight into how the
field can affect a collision process by looking closely at the clectronic-field surfaces
E, and E, defined by eqn (2.33). Away from the resonance radiative coupling region
of nuclear configurations, £, approaches W), and E, approaches W, + hw (assuming
J42 to be small asymptotically). However, around resonance where A == W, - W,
— hew = 0, there is an avoided crossing due to radiative coupling and E, and E,
become E,, = [(W, + W, + ho) L |u, Ey)/2. Therefore, by shining a radiation
field in resonance with W, — W, at some nuclear configuration of the system, we can
induce electronic transitions, whether the system is electronically adiabatic or non-
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adiabatic in the absence of the field. Furthermore, the upper electronic-field surface
may have a well which can support metastable states (long-lived complexes) at certain
collision energies which are absent in the field-free case. At the same time, there
may be a potential barrier arising from the radiative coupling, and this can give rise
to special effects such as orbiting resonances. In the case where yy, is still very
large in the asymptotic regions, even more special phenomena may occur which are
absent in the field-free case. From a spectroscopic point of view, it is clear that the
radiation coupling effect can result in new absorption or emission spectra which are
not expected for the individual (noninteracting) collision species.

Extensive calculations can give us accurate information concerning the above
effects as well as collision cross sections and radiative transition probabilities. How-
ever, an important ingredient in these calculations is the electronic transition moments
as a function of nuclear coordinates (the electric dipole contribution is usually the
only one required, but sometimes the magnetic dipole and/or electric quadrupole
contributions will be important) in addition to field-free potential energy surfaces
and nonadiabatic coupling. These moments can be found by ab initio and/or semi-
empirical techniques.~3*

We have assumed the field to be linearly polarized, and in calculations one can
find the averaged value of the radiative coupling s, E, over all orientations. Polar-
ization effects can also be studied by considering the directional dependence of the
radiative coupling, and this will be carried out in future investigations.
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coordinates. The electronic-field surfaces exhibit

avoided crossings (on the real axis) due to the radiative
coupling at the resonance nuclear configurations, and other
parts of these surfaces are similar to the field-free
adiabatic surfaces with one of them shifted by hw for
single photon processes, where hw is the photon energy from
the external laser. Metastable states, formed at some
collision energies, are conjectured to occur in the field,
although absent from the field-free case. From a spectro-
scopic point of view, changes in energy spectra are expect-
ed from those of the individual collision-free species.
Numerical results are presented for the collinear collision
process Br + H,(v=0) + hw » Br* + H_(v=0), where Br* is
bromine atom in its upper spin-orbi% state.
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